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Abstract

Although various strategies have been included in nanotoxicity evaluation, epitranscriptomics has rarely been
integrated into this field. In this proof-of-concept study, N6-methyladenosine (m°A) changes of mRNA in HEK293T
cells induced by three bovine serum albumin (BSA)-templated Au, CuS and Gd,O; nanoparticles are systematically
explored, and their possible biological mechanisms are preliminarily investigated. It has been found that all the three
BSA-templated nanoparticles can reduce m°A levels, and the genes with reduced m°A are enriched for TGF-beta
signaling, which is critical for cell proliferation, differentiation and apoptosis. Further results indicate that abnormal
aggregation of m°A-related enzymes at least partly account for the nanoparticle-induced epitranscriptomic changes.
These findings demonstrate that epitranscriptomics analysis can provide an unprecedented landscape of the biologi-
cal effect induced by nanomaterials, which should be involved in the nanotoxicity evaluation to promote the poten-

tial clinical translation of nanomaterials.
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Introduction

Nanosafety is attracting considerable attention with
the booming development and extensive applications
of nanotechnology in the field of biomedicine [1, 2].
Although versatile nanomaterials with unique physi-
ochemical characteristics are promising for diagnosis
and therapy of diverse diseases, few nanoagents have
been approved for clinical use due to the indistinct
biosafety [3]. As a result, a standard and comprehensive
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nanotoxicological evaluation framework is highly desired
for clarifying biosafety of nanoagents to guide their con-
trolled synthesis and promote their clinical translation
[4-6].

In the past decade, various strategies have been devel-
oped to evaluate nanotoxicity from in vitro to in vivo
(Fig. 1a) [7-18], and the adverse outcome pathway (AOP)
framework and the quantitative structure—activity rela-
tionship (QSAR) modeling have been commonly used
at the cellular level due to their simplified process, high
efficiency, good logicality and predictability [8, 19-21].
However, these methods generally focus on specific
genes, proteins, organelles and biological processes,
which cannot provide a full picture of the nano-biological
interactions [7]. In contrast, the emerging omics analysis
can provide full characterization and quantification of
biological effects of nanomaterials at a given molecular
level, such as DNA, RNA, proteins, and lipids [22]. By
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Fig. 1 Global view of nanotoxicology. a lllustration of current nanotoxicity evaluation frameworks (QSAR: quantitative structure-activity
relationship). b Schematic diagram of the epitranscriptomic nanotoxicity evaluation of BSA-templated NPs
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integrating with bioinformatic analysis, the omics-based
approaches are capable of mapping the toxicity-related
molecular pathways and biological processes [23]. To
date, nanotoxicology has entered into a new era following
the development of various omics-based methods, such
as genomics [24], epigenomics [25], transcriptomics [26,
27], proteomics [28], lipidomics [29, 30], and metabo-
lomics [22, 31, 32].

Epitranscriptomics  describes  post-transcriptional
RNA modifications that can dynamically regulate gene
expression and control cell fate [33]. Nﬁ—methyladenosine
(mPA) is the most abundant internal mRNA modifica-
tion in eukaryotic cells, which functionally modulates
the eukaryotic transcriptome to influence mRNA splic-
ing, export, localization, translation and stability [34—37],
as well as to regulate the expression of genes controlling
extensive biological processes, such as development,
reproduction, metabolism, immunity, and tumorigenesis
[34, 38, 39]. Aberrant m®A as crucial drivers of multiple
diseases (especially cancers) can provide an epitranscrip-
tomic indicator of cellular responses and pathogenetic
effects induced by nanomaterials, of which field remains
largely unknown [40—43]. Although several omics-based
approaches have been used to assess biological effects of
nanomaterials, the epitranscriptomics has rarely been
applied in the field of nanosafety evaluations so far [44].
Therefore, it is of great significance to investigate the
nanomaterial-induced epitranscriptomics scenery.

Protein-templated biomineralization nanomaterials
have attracted considerable interests in the field of bio-
medicine, and shown great potential in clinical transla-
tions due to their facile synthesis process, ultra-small
and uniform size, remarkable colloidal stability and water
solubility, good biocompatibility and favorable theranos-
tics capability [45, 46]. In this proof-of-concept study,
three types of bovine serum albumin (BSA)-templated
nanoparticles (NPs) for different biological applications
(BSA-Au NPs for fluorescent imaging, BSA-CuS NPs for
photothermal therapy, and BSA-Gd,O5; NPs for magnetic
resonance imaging) were employed to study the nano-
toxicity in terms of epitranscriptomics. These NPs were
synthesized by the biomineralization method, and m°®A
changes induced by these NPs were measured by the
immunoprecipitation sequencing (m®A-seq). Functional
annotation of genes with m®A changes were performed
using the bioinformatic analysis, and biological mecha-
nisms accounting for m®A changes were investigated via
cell biological techniques (Fig. 1b). These results indi-
cated that BSA-templated NPs could interfere the pro-
cessing of m®A-related enzymes to reduce m°A level of
diverse genes, which are relevant to multiple cellular
pathways and biological processes. Therefore, epitran-
scriptomic effects (e.g., the m°A changes) induced by NPs
were nonnegligible biological events, which should be
integrated into the biosafety evaluation of nanomaterials
for their potential clinical translation.
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Experimental

Synthesis of BSA-Templated NPs

For the synthesis of BSA-Au NPs, 2 mL of aqueous
HAuCl, solution (25 mM, 37 °C) was added to 8 mL of
BSA solution (250 mg, 37 °C) under vigorous stirring.
Five minutes later, 0.5 mL of NaOH solution (1 M) was
added, and the reaction was kept under vigorous stir-
ring at 37 °C for 12 h.

For the synthesis of BSA-CuS NPs, 1 mL of aqueous
Cu(NOs), solution (200 mM) was added to 7.5 mL of
BSA solution (250 mg) under vigorous stirring. Five
minutes later, 0.5 mL of NaOH solution (1 M) was
quickly added. Then, 2 mL of Na,S (200 mM) was
added and the reaction was kept under vigorous stir-
ring at 90 °C for 0.5 h.

For the synthesis of BSA-Gd,O5 NPs, 0.5 mL of aque-
ous Gd(NO;), solution (100 mM) was added to 9.5 mL
of BSA solution (250 mg) under vigorous stirring. Five
minutes later, 0.5 mL of NaOH solution (1 M) was
added, and the reaction was kept under vigorous stir-
ring at room temperature for 2 h.

All these obtained BSA-templated NPs were purified
by dialysis (molecular weight cut off: 8—-14 kDa), and
then freeze-dried and stored in dark at 4 °C for further
use.

Characterization of NPs

The size and morphology of BSA-templated NPs were
determined on a Philips Tecnai G F20 (Philips, Holland)
field emission transmission electron microscopy (TEM).
The Fourier transform infrared (FT-IR) spectra (650—
4000 cm™") of BSA, BSA-Au, BSA-CuS, and BSA-Gd,0O,
NPs were measured on a Nicolet iS10 spectrometer
(Nicolet, USA) with background of pure KBr. Fluorescent
spectra were recorded on a F7000 spectrofluorometer
(Hitachi, Japan) equipped with a plotter unit and a quartz
cell (1 cm x 1 cm). The absorption spectra were obtained
via a UV-3600 plus spectrophotometer (Hitachi, Japan).
The hydrodynamic size and zeta potential were deter-
mined on a Malvern Zetasizer (Nano series ZS, UK). The
metal elements in nanoparticles were identified through
the inductively coupled plasma-atomic emission spec-
trometer (ICP-AES, Thermo Fisher, ICAP 7400, USA).

Storage Stability of NPs

To investigate the storage stability of BSA-templated
metallic nanoparticles, the three NPs in freeze-dried
powder state and aqueous state (4 mg/mL) were stored at
4 °C for 2 weeks, and their common state, optical absorp-
tion property, fluorescence property, magnetic reso-
nance imaging capability, and hydrodynamic size were
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systematically evaluated at different timepoints (0, 7, and
14 days).

Protein Corona Analysis

We preliminarily evaluated the protein corona forma-
tion in vitro by mixing the BSA-templated NPs (5 mg/
mL) with 10% fetal bovine serum (FBS). Then, the mixing
solutions were put into an oscillator under 37 °C, and the
hydrodynamic sizes of solutions were monitored at dif-
ferent timepoints (0, 0.5, 1, and 3 h) post-mixing.

Plasmids

The pFLAG-CMV vectors were provided by Sigma.
Human METTL3 was cloned into pFLAG-CMYV vectors
by Gibson clone with forward primer ACAAGCTTG
CGG CCGCGAATTCAatgtcggacacgtggag and reverse
primer GGTCACAGGGATGCCACCCG GGATCC
taaattcttaggtttagag.

Cell Culture and Transfection

HEK293T cells were obtained from American Type Cul-
ture Collection (ATCC) and grown in DMEM medium
(Invitrogen) containing 10% FBS and 1% penicillin—
streptomycin. Plasmids were transfected into cells with
Lipofectamine 3000 (Invitrogen) according to manufac-
turer’s instructions.

Cytotoxicity of NPs

The cytotoxicity of BSA-templated NPs was measured
with HEK293T cells and 3T3-L1 cells via the standard
Methyl Thiazolyl Tetrazolium (MTT) assays. Cells were
seeded in 96-well culture plates at density of 1 x 10* cells/
well in 2 mL of DMEM supplemented with 10% FBS and
1% penicillin—streptomycin at 37 °C under 5% CO, and
cultured for 24 h. Then, the stale medium in each well
was replaced with 2 mL of fresh medium containing dif-
ferent concentrations (50, 100, and 200 pg/mL) of NPs
(BSA-Au, BSA-CuS, and BSA-Gd,O; NPs), respectively.
After another 24-h incubation, the cells were washed
with PBS and treated with fresh medium containing
MTT (0.25 mg/mL). Four hours later, the supernatant
in each well was replaced with 120 pL of DMSO. After
a mild shake for 10 min, the absorbance of each well at
490 nm was measured on a microplate reader (Bio-tek,
USA). Then, the cell viability under the exposure of BSA-
templated NPs was calculated.

To evaluate the influences of NPs on the apoptosis of
cells, HEK293T cells were incubated in six-well culture
plates at a density of 1 x 10° cells per well in 200 pL of
DMEM supplemented with 10% FBS and 1% penicillin—
streptomycin at 37 °C under 5% CO, and cultured for
24 h. Then, the stale medium in each well was replaced
with 200 pL of fresh medium containing different
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concentrations (50, 100, and 200 pg/mL) of NPs (BSA-
Au, BSA-CuS, and BSA-Gd,O5 NPs), respectively. After
incubation for another 24 h, the apoptosis of HEK293T
cells was evaluated by using Annexin V-FITC/PI Apopto-
sis Detection Kit (KeyGEN, Shanghai, China).

Nanoparticles Uptaken by Cells

The nanoparticles uptaken rates by HEK293T cells
were identified through the ICP-AES. Briefly, HEK293T
cells were seeded in a 10 cm-culture dish at a density of
1 x 10° cells/dish in 8 mL of DMEM supplemented with
10% FBS and 1% penicillin—streptomycin at 37 °C under
5% CO,, and cultured for 24 h. Then, 8 mL of fresh cul-
ture medium containing 200 pg/mL nanoparticles (BSA-
Au, BSA-Gd,0;, and BSA-CuS NPs) was used to replace
the old culture medium in each dish. After another 24-h
incubation, the cells were washed with PBS, digested
from the dish bottom with trypsin, and dispersed in
PBS. After centrifugation at 1000 rpm for 3 min, and the
supernatant was discarded. This washing process was
repeated 3 times. Finally, these cells were fully dissolved
with aqua regia, and the metal elements were quantified
by ICP-AES. Cells cultured with 8 mL of fresh medium
without nanoparticles were processed in the same way as
the control group.

m®A-seq and Data Analysis

m®A-seq was performed following previously reported
protocol [47]. Total RNA was extracted by homogeniz-
ing cells in TRIzol reagent. mRNA was further purified
using GenElute” mRNA Miniprep Kit (Sigma). RNA
fragmentation and m®A-immunoprecipitation were per-
formed with Magna MeRIP" m°A Kit according to the
instructions. The library preparation and sequencing
were carried out on Illumina HiSeq 2000 according to the
manufacturer’s instructions. Samples were sequenced by
with single-end 50-bp read length. All reads were mapped
to human genome version hgl9 by tophat v2.0.13 with
default settings. The m®A level changes for nanoparti-
cles/control were calculated by using exomePeak. Gene
expression level changes for input and treatment were
analyzed using Cuffdiff. The sequence reads were visual-
ized with Integrative Genomics Viewer [48].

Redox-Western Blotting

Cells were lysed using high KCI lysis buffer and soni-
cated [49]. Equal amounts of proteins were loaded and
separated by SDS-PAGE, transferred to polyvinylidene
fluoride membranes, and detected by immunoblotting
with the Millipore Immobilon Western Chemilumines-
cent HRP Substrate. Antibodies used for western blot-
ting were as follows unless otherwise specified: METTL3,
METTL14, WTAP, and FTO were bought from Cell
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Signaling Technology (CST), ALKBH5, YTHDCI,
YTHDF2, and YTHDF3 were obtained from (Protein-
Tech), and FLAG (M2, F3165) was provided by Sigma-
Aldrich. B-actin and B-tubulin (Santa Cruz) were used as
loading controls.

RNA Isolation and Quantitative RT-PCR

Total RNA was isolated from cultured cells using TRIzol
reagent. First-strand complementary DNA (cDNA) was
synthesized by reverse transcription of 1 pg RNA using
HiScript Q RT SuperMix for qPCR (+gDNA wiper)
(Vazyme). QPCR was carried out using ChamQ Uni-
versal SYBR qPCR Master Mix (Vazyme) and mRNA
expressions were normalized to reference genes GAPDH.
The primers used in all qPCR assays are listed in Addi-
tional file 1: Table S1 [50, 51].

MeRIP-gPCR

The MeRIP-qPCR was conducted as previous reported
[52]. Briefly, total RNA was isolated with Trizol reagent,
and then mRNA was further purified using GenElute"
mRNA Miniprep Kit (Sigma). Two ug of the purified
mRNA was fragmentized into 100-200 nt length with
fragmentation buffer at 94 °C for 5 min. The mRNA
fragments were purified with Rneasy Mini Kit (QiaGen)
and then subjected to immunoprecipitation with m®A
antibody. After extensive wash, the immunoprecipi-
tated fragments were eluted by competition using free
N®-methyladenosine and then used for cDNA construc-
tion and qPCR analysis. The primers used in m®A-qPCR
assays are listed in Additional file 1: Table S2.

Statistical Analysis

For gene expression, statistical comparisons were per-
formed by using one-way ANOVA as indicated in the
figure legends. P<0.05 was considered significant. For
GO and KEGG analysis, the Benjamini and Hochberg
method for false discovery rate (FDR-BH correction) was
applied to correct for multiple comparisons. The number
of biological (non-technical) replicates for each experi-
ment was indicated in the figure legends.

Results and Discussion

Synthesis and Characterization of BSA-Templated NPs
Three BSA-templated NPs were synthesized through a
classical biomineralization method [53-55], in which
BSA as a nanoreactor enables entrapping metal ions
based on the interaction between functional groups
(e.g., -SH, —-NH,, and —COOH) and metal ions, and
controlling the growth of NPs. These NPs showed ultra-
small size in both TEM images (~3 nm for BSA- Au
NPs, ~ 3 nm for BSA-Gd,O5 NPs, and ~10 nm for BSA-
CuS NPs) (Fig. 2a) and hydrodynamic size measurement
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(5-20 nm) (Fig. 2b), which is benefited from BSA-
directed controlled synthesis. BSA-Au NPs exhibited a
strong fluorescent emission peaked at 664 nm (Fig. 2c),
which can serve as an excellent fluorescent nanoprobe
for biosensing and bioimaging [55]. The d—d transition
of Cu*" guarantees the strong near-infrared absorption
of BSA-CuS NPs (Fig. 2d), making it a promising pho-
tothermal therapy agent for tumor ablation and anti-
microbial treatment [53, 56]. BSA-Gd,O; NPs owned
a stronger magnetic resonance imaging capability than
Gd-DTPA (Fig. 2e), and have been widely used for in vivo

MR imaging [57, 58]. The characteristic FT-IR absorption
bands of BSA confirmed the presence of BSA in these
NPs (Additional file 1: Fig. S1), and all these NPs showed
similar zeta potential with that of BSA solution, indicat-
ing BSA serves as the encapsulation layer (Additional
file 1: Fig. S2). As shown in Additional file 1: Fig. S3,
the appearance of both solid and solution of BSA-tem-
plated NPs exhibited no obvious changes, and no pre-
cipitate was observed in all solutions. The hydrodynamic
sizes of these BSA-templated metallic nanoparticles
did not change significantly (Additional file 1: Fig. S4).
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Consistently, the optical absorption spectra of BSA-CuS
NPs (Additional file 1: Fig. S5), the fluorescence spectra
of BSA-Au NPs (Additional file 1: Fig. S6), and the MR
signal intensity of BSA-Gd,04 NPs (Additional file 1: Fig.
S7) did not change dramatically within 2 weeks no matter
in solid or aqueous storage conditions. These results veri-
fied the good storage stability of BSA-templated metal-
lic nanoparticles both in solid or aqueous conditions.
We also preliminarily evaluated the protein corona for-
mation in vitro by mixing the BSA-templated NPs with
10% FBS under 37 °C and monitoring the hydrodynamic
sizes of solutions at different timepoints post-mixing.
As shown in Additional file 1: Fig. S8, the hydrodynamic
sizes of nanoparticles only and mixed solutions remained
relatively stable (approximately 5-20 nm), which did not
significantly alter as the incubation time increased. This
indicated that BSA-templated NPs did not readily adsorb
the proteins probably due to the own albumin template,
which is consistent with previous report [59]. Despite the
good storage stability and generally accepted biocom-
patibility of BSA-templated NPs [60-62], the potential
effects of biomineralization NPs on the epitranscriptomic
changes remain largely unknown.

Global m®A Changes in HEK293T Cells Induced

by BSA-Templated NPs

In the assessment of cell viability upon the exposure of
NPs, neither MTT analysis nor apoptosis assay exhib-
ited obvious cell death when HEK293T cells were incu-
bated with BSA-Au, BSA-CuS and BSA-Gd,O; NPs at
the concentrations of 50, 100, and 200 pg/mL (Additional
file 1: Figs. S9 and S10). Similarly, no obvious cytotoxic-
ity was observed on 3T3-L1 cells (a mouse embryonic
fibroblastic cell line) when incubated with different BSA-
templated NPs at different concentrations (Additional
file 1: Fig. S11). We also quantitated the uptaken rates of
BSA-Au, BSA-Gd,0;, and BSA-CuS NPs by HEK293T
cells, which were 0.32%, 0.43%, and 2.11%, respectively
(Additional file 1: Fig. S12). Then, the m®A-seq was per-
formed to explore the NPs-induced RNA methylation
changes. As shown in Fig. 3a, b, all the three NPs could
induce both upregulated and downregulated m°A level.
However, the number of genes with downregulated m°A
level was much greater than that with upregulated m®A
level, which led to the overall reduced m°A landscape.
For example, BSA-CuS NPs induced downregulated
m°A level in 1198 genes, which was far beyond that (156
genes) with upregulated m®A level. The genomic land-
scape of m®A distribution indicated that the m®A-binding
sites of three NPs were similar (Fig. 3¢, d). Most of the
m®A-binding sites were located in protein-coding
sequence and are highly enriched for stop codon and
3'UTR, which was consistent with the control group.
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Moreover, all the three NPs shared highly conserved m®A
targets “GGACU” sequence (Fig. 3e), which matched well
with the previously reported m®A consensus sequence
“RRACH” (R=G or A, H=A, C or U) [63]. These find-
ings indicated that BSA-templated NPs could reduce the
global m®A landscape, but could not affect the distribu-
tion of m®A and consensus motif. In addition, it has been
reported that m®A residues can be selectively recognized
by the reader protein YTHDF2 to regulate the mRNA
degradation [36]. Therefore, the significantly decreased
m®A level hinted that BSA-templated NPs may own the
ability to reprogram epitranscriptome for stability regula-
tion of targeted mRNA.

Functional Annotation of Genes with NPs-Induced m®A
Changes

Given the important role of m®A in various biologi-
cal processes, the biological functions of genes with
NPs-induced m°®A changes were further investigated
by enrichment analysis. As shown in Fig. 4a, b, the cells
treated with BSA-Au, BSA-CuS and BSA-Gd,O; NPs
displayed both some overlapped peaks (genes with
m®A) and unique ones no matter with upregulated or
downregulated m°A level. Considering that different
m®A peak patterns are related to different cellular func-
tions, functional modeling for genes with upregulated
or downregulated m°A level under treatment of differ-
ent BSA-templated NPs was respectively conducted with
Kyoto Encyclopedia of Genes and Genomes (KEGG)
and gene ontology (GO) analysis. The numbers of genes
with downregulated m°A were 1062, 1198 and 1249
under treatment of BSA-Au, BSA-CuS and BSA-Gd,0,
NPs, respectively. In the KEGG pathway analysis, these
genes with downregulated m®A level were enriched in
multiple pathways, but all pointed to the TGF-beta sign-
aling (Fig. 4c—e). In the annotation of GO, the genes
with downregulated m°®A level were enriched in diverse
biological processes, such as RNA metabolic process,
nucleic acid process and transcription regulation (Addi-
tional file 1: Fig. S13). The differences among BSA-Au,
BSA-CuS, and BSA-Gd,O; NPs may be attributed to
their distinct physicochemical properties and released
metal ions. In spite of this, some common pathways and
biological processes could be found among the three
NPs-treated HEK293T cells. Particularly, there were 622
common genes with downregulated m°®A level among the
three NPs-treated cells (Fig. 4b). The KEGG analysis of
the 622 genes showed that TGF-beta signaling was the
most enriched pathway, which was associated with mul-
tiple genes like BMP6, SMAD7, CDKN2B, GDF7, and
PPP2CB (Fig. 4f). In the meantime, the transcription
regulation was the most relevant process as indicated
by the GO analysis of the 622 common genes (Fig. 4f).
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Then, we used MeRIP-qPCR to quantify the m°A level of
representative genes associated with TGEF-beta signaling
and transcription regulation process. The results showed
that the m®A level of BMP6, CDKN2B, GDF7, PPP2CB,
TASOR and NABI1 were attenuated by BSA-templated
NPs with different patterns (Additional file 1: Figs. S14
and S15), which was consistent with m°A-seq results. It
is worth mentioning that TGF-beta signaling plays vital
roles in a diverse set of cellular processes, such as cell

proliferation, recognition, differentiation, apoptosis, and
specification of developmental fate [64]. The KEGG and
GO analysis of genes with upregulated m®A level induced
by the NPs were also displayed (Additional file 1: Figs.
S§16 and S17). These functional annotations suggested
that the genes with m®A variations induced by BSA-tem-
plated NPs were related to multiple pathways and biolog-
ical processes, particularly the genes with reduced m®A
level were enriched for TGF-beta signaling.
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Potential Reasons for m®A Variations Induced by the NPs

The m°A mRNA methylation is regulated and exerts
its functions by three groups of “m®A RNA modifiers”
including m°A methyltransferases (writers), m°A dem-
ethylases (erasers), and m°A binding proteins (readers)
(Fig. 5a). The writers (e.g., METTL3, METTL14 and
WTAP) facilitate the synthesis of m®A [65, 66], the eras-
ers (e.g., ALKBH5 and FTO) catalyze the demethylation
of m°A [67, 68], and the readers (e.g., YTHDC1, YTHDF2
and YTHDF3) specifically recognize m°A and regulate
its functions, such as splicing and translation [63, 69].
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According to the functions of writers, erasers and read-
ers, we hypothesized that the m°A alteration induced by
BSA-templated NPs was resulted from the dysregula-
tion of the m®A-related writers and erasers. To test the
hypothesis, we measured gene expression and protein
levels of these modifiers in HEK293T cells after being
exposed to BSA-templated NPs. As shown in Fig. 5b, ¢
and Additional file 1: S18, these genes did not exhibit a
significantly regular expression pattern after exposure to
these NPs. This result indicated that the BSA-templated
NPs may not induce the m°A variations by directly
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affecting the expression level of m®A-related enzymes,
and possible interpretations need to be further explored.

It has been found that glutathione-based nanoclus-
ters can cause Ten-Eleven-Translocation (TET) pro-
teins aggregation, which affects DNA methylation and
hydroxyl-methylation [49]. This inspires us to sup-
pose that if NPs could induce abnormal aggregation
of m°A-related enzymes, leading to the m°®A distribu-
tion reconstruction. To verify the hypothesis, the writer
METTL3, one of the earliest discovered m®A-related
enzymes but with no significant expression change in
previous assays [70], was taken into investigation. Flag-
tagged METTL3 was transfected into HEK293T cells
before exposure to BSA-CuS NPs, which induced the
most significant m®A change (Fig. 6a). As shown in
Fig. 5b, BSA-CuS NPs (200 pg/mL) did not induce sig-
nificant change in METTL3 expression within 24 h-expo-
sure. Next, to validate if BSA-CuS NPs could affect
METTL3, a redox-western blot assay was performed.
METTL3 protein complex could be observed under non-
reducing condition (Fig. 6b), and more complex formed
as incubation time extended. This suggested that BSA-
CuS NPs could induce abnormal aggregation of m°A
writer METTL3. METTL3 is the catalytic subunit in m®A
methyltransferase complex that transfers a methyl group
from S-adenosylmethionine (SAM) to an adenosine
in RNA, and the abnormal structure of METTL3 may
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directly affect its enzymatic activity for transmethylation.
Thus, the aggregation of m®A writer METTL3 induced
by the NPs may be another underlying mechanism for
reprogramming m®A enrichment and epitranscriptome.

Based on the above results, despite no obviously
detected apoptosis in cells upon exposure of BSA-tem-
plated NPs, these NPs could indeed induce the m°A
changes and potentially affect the cellular biological
functions, showing an unprecedented epitranscriptomic
scenery induced by NPs. In addition, the potential mech-
anism for m°A changes induced by the BSA-templated
NPs has been preliminarily revealed. As shown in Fig. 6c,
BSA-templated NPs could result in the abnormality of
m®A-related enzymes, such as aggregation of m®A writ-
ers, which at least partly contributed to the alterations of
m°®A landscape.

Conclusions

In this proof-of-concept study, we studied the epi-
transcriptomic impact (m®A) of biomineralization
nanoparticles and explored its potential biological
mechanisms. We found that BSA-templated NPs could
induce epitranscriptomic abnormalities (e.g., reduced
m®A level), which cannot be detected by conventional
biotoxicity assessments. The possible mechanism could
be at least partly deduced that the BSA-templated NPs
may induce the aggregation of m®A-related enzymes
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Fig. 6 Possible mechanism for m®A changes induced by the BSA-templated NPs. a Schematic illustration of transfection of Flag-tagged
human METTL3 (Flag-hMETTL3) into HEK293T cells, followed by exposure to 200 ug/mL BSA-CuS NPs for 24 h. b Redox-western blot analysis
of Flag-hMETTL3 in reduced and non-reduced conditions. A total of 50 pg protein was loaded (3-tubulin was used as a control for loading).
Schematic representation of the potential mechanism for m°A changes induced by the BSA-templated NPs
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to affect the m®A distribution. However, the underly-
ing mechanisms of how NPs affect these m°®A-related
enzymes still need further investigation in the future.
Taken together, epitranscriptomics analysis could pro-
vide an unprecedented finding of the biological effect
induced by NPs, which should be integrated into the
nanotoxicity evaluation systems for nanomaterials for
their potential clinical translation.
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